Abstract Cognitive dysfunction is prevalent among brain tumor patients treated with radiotherapy (RT) and chemotherapy. However, there are no approved pharmacological interventions for cognitive dysfunction in cancer patients. The goal of this pilot study was to examine the efficacy of donepezil, an acetylcholinesterase inhibitor used to treat Alzheimer's disease, in improving cognitive functions in brain tumor patients previously treated with RT ? chemotherapy or chemotherapy alone. Fifteen patients with a brain tumor received a single daily dose of donepezil for 24 weeks (5 mg for 4 weeks, then 10 mg for 20 weeks). Patients completed cognitive evaluations prior to initiating therapy (baseline), and about 12 weeks (midstudy) and 24 weeks (end-of-study) subsequent to initiation of donepezil therapy. The results of linear mixed models analysis, controlling for each patient's baseline cognitive test score, showed a significant post-baseline improvement in attention (WAIS-III digit span forward; p = 0.037), graphomotor speed (WAIS-III digit symbol; p = 0.035) and visual memory (BVMT-R-delay; p = 0.025). There was also an improvement in self-reported quality of life (FACT-Br, social well-being subscale; p = 0.01). The findings of this pilot study suggest that treatment with donepezil may improve some aspects of cognitive functions and quality of life in brain tumor patients. Similar findings were reported in two prior trials of donepezil in brain tumor survivors.
Introduction
Patients with brain tumors treated with radiotherapy (RT) and chemotherapy are at increased risk for developing delayed neurotoxicity [1] . Central nervous system (CNS) injury from RT and chemotherapy may involve vascular damage, depletion of glial progenitor cells, oxidative stress, inflammation, demyelination, and disruption of hippocampal neurogenesis [2] [3] [4] [5] [6] [7] . Primary brain tumor patients in remission of their disease often display cognitive impairment of sufficient severity to interfere with their ability to function at pre-diagnosis professional and social levels, and it is considered the most frequent complication among long-term survivors [1] . The cognitive functions most often disrupted by the delayed effects of RT and chemotherapy include attention and executive functions, graphomotor speed, and memory abilities [8, 9] .
There are no established preventive or therapeutic interventions for cancer treatment-related cognitive dysfunction. Pharmacological treatments for RT-induced cognitive dysfunction have been based primarily on therapies used for other neurological disorders that cause similar symptoms [10] . Acetylcholinesterase inhibitors such as donepezil have been found to produce benefits in cognitive and functional symptoms in patients with early Alzheimer's disease [11, 12] and vascular dementia [13] . Donepezil has been shown to improve cognitive functions in other clinical populations without specific cholinergic deficiency, including patients with traumatic brain injury [14] , epilepsy [15] , and Parkinson's disease [16] . Two recent studies have documented improvement in specific cognitive domains in patients with brain tumors following 24 weeks of donepezil therapy [17, 18] . In this pilot study, we assessed the effects of donepezil on cognitive functions and quality of life (QoL) in brain tumor survivors treated with RT ? chemotherapy or chemotherapy alone.
Materials and methods

Eligibility
Patients diagnosed with a brain tumor were recruited from a cohort of survivors followed in the Department of Neurology at Memorial Sloan-Kettering Cancer Center (MSKCC). Study eligibility included: age C18 years, no evidence of active disease on serial MRIs prior to accrual, completion of treatment with RT and/or chemotherapy at least 6 months prior to enrollment, Mini-Mental Status Examination (MMSE) score between 18 and 27 at enrollment, no history of psychiatric or other neurological disorders, no changes in antiepileptic medication or dose for at least 3 months prior to study entry, no use of cognitionenhancing medications, and fluency in English. The MSKCC Institutional Review Board approved the research protocol, and all participants provided written informed consent.
Intervention
Patients received a single daily 5 mg dose of donepezil for 4 weeks, and the dose was escalated to 10 mg per day for 20 weeks, if tolerated. The dose escalation and schedule used were consistent with prior studies of donepezil in patients with dementia [12, 13] and traumatic brain injury [14] . Patients underwent a neuropsychological evaluation and completed a QoL questionnaire prior to (baseline/Time 1), about 12 weeks (mid-study/Time 2) and about 24 weeks (end-of-study/Time 3) subsequent to starting donepezil.
Neuropsychological and self-reported QoL measures
• Attention Digit span subtest of the WMS-III (longest digit span forward-LDSF; longest digit span backward-LDSB) [19] ; Brief Test of Attention (BTA) [20] .
• 
Statistical analysis
Neuropsychological test z-scores were summarized using descriptive statistics. Independent t-tests were used for comparisons on demographic and cognitive test scores at baseline. Paired t-tests were used to compare 12-week and 24-week scores to baseline scores. Overall change from baseline on each test was evaluated using linear mixed models (LMMs) controlling for each patient's baseline score.
Results
Patient characteristics
The target sample size for this pilot study was 30 patients, and 24 were enrolled between 2005 and 2009, and the study was subsequently closed due to the relatively slow accrual rates. Of the 24 patients enrolled, 10 (42 %) had a glioma, 9 (38 %) had primary CNS lymphoma (PCNSL), and 5 (21 %) had other brain tumors (i.e., germ cell tumor, medulloblastoma). Twenty patients (84 %) received treatment with conventional fractionated RT ? chemotherapy, and 4 (16 %) had chemotherapy-only regimens. Fifteen of twenty-four patients completed 24 weeks of donepezil therapy. As shown in Table 1 , among patients who completed the study, most were male (67 %) and the median age was 53 years. Disease and treatment history for the 15 patients are also described in Tables 1, 2 . Seven patients went off study before 24 weeks due to reported side effects including gastrointestinal symptoms (n = 3), fatigue and sleep disturbance (n = 2), and seizures (n = 2); in addition, one patient discontinued the medication at the request of his physician and one for unknown reasons. Patients who remained on study did not differ significantly at baseline from those who went off study in age, education, MMSE score, QoL (FACT-Br), and cognitive test performance with the exception of the BVMT-DI with patients who went off study performing worse than patients who completed it (mean z-score = -1.67, SD = 1.14; mean z-score = -0.33, SD = 0.72, respectively; t(22) = 13.6, p = 0.024).
Neuropsychological functions
At baseline, mean cognitive test z-scores were impaired on tests of attention (BTA), executive functions (TMT-B) and verbal memory (HVLT-L). Baseline test z-scores ranged between 0.33 and 1.44 standard deviations below the normative mean on all other cognitive measures ( Table 3) . The results of LMMs analysis, controlling for each patient's baseline cognitive test score, showed a significant post-baseline improvement in attention (WAIS-III LDSF; p = 0.037), graphomotor speed (WAIS-III DSYM; p = 0.035), and visual delayed recall (BVMT-D; p = 0.025). Improvements occurred mostly from baseline to 12 weeks on the DSYM and BVMT-D. There was a significant decline in verbal delayed recall (HVLT-D; p = 0.013), and this was primarily due to a decline from baseline to 12 weeks, as scores improved to near baseline levels at 24 weeks. There were no significant changes in other aspects of attention (LDSB; BTA), graphomotor speed and executive functions (TMT-A; TMT-B), or memory (HVLT-D; HVLT-DI; BVMT-L; BVMT-DI).
Self-reported QoL
At baseline, the FACT-Br total mean score was comparable to those of a large group of primary brain tumor patients [24] . The results of LMMs analysis, controlling for each patient's baseline scores on the FACT-Br, showed a significant post-baseline improvement in the social well-being subscale (p = 0.010), and this was primarily due to improvement from baseline to 12 weeks, as scores at 24 weeks remained at similar levels (Table 3 ). There were no significant changes on the FACT-Br total score or on any other subscale scores. Changes in self-reported QoL and cognitive scores were generally negatively correlated, suggesting that improvement in self-reported QoL did not correspond to improvement in cognition (Table 3) .
Other results
Four patients required dose reduction to 5 mg during the study due to adverse effects including sleep disturbance and fatigue. Among the patients who completed the 24-week donepezil therapy, the most common side effects reported were fatigue (n = 9), gastrointestinal symptoms (n = 7), headaches (n = 6), sleep disturbance and vivid dreams (n = 5) and miscellaneous neurological complaints (n = 6). 
Discussion
The results of this pilot study indicated a significant improvement in attention, graphomotor speed and visual delayed recall, as well as in perceived social well-being in a small cohort of patients with brain tumors treated with donepezil. The findings suggest that treatment with an acetylcholinesterase inhibitor can provide some benefit to brain tumor survivors previously treated with RT and/or chemotherapy, and may translate to more efficient performance of daily activities involving attention and processing speed. There is some evidence from animal studies that RT is associated with reduced acetylcholine signaling [25, 26] , and that donepezil may reduce chemotherapy-induced impairments in spatial working memory tasks (i.e., delayed non-matching to sample) [27] . It has been suggested that attention may be enhanced by activation of the forebrain cholinergic system, which may have positive effects on executive function and memory [28, 29] . In patients with mild-to-moderate Alzheimer's disease, attenuation in the decline of attention and executive function was reported following 12 months of donepezil [30] . Our results of improved attention, graphomotor speed and visual memory are overall consistent with those of two recent clinical trials. Shaw et al. [17] conducted a prospective phase II study to assess the efficacy of donepezil in the treatment of cognitive dysfunction in 24 patients with primary brain tumors treated with RT at least 6 months prior to enrollment. They reported an improvement in attention, verbal and visual memory, and in mood and QoL (FACT-Br, emotional and social wellbeing subscales) after 24 weeks of treatment. A recent phase III randomized placebo-controlled trial assessed the effects of 24 weeks of donepezil therapy on cognitive function in 195 brain tumor survivors treated with RT at least 6 months prior to enrollment [18] . The results showed that the groups did not differ significantly on a cognitive composite score (primary outcome measure), but there was a significant benefit of donepezil on verbal recognition memory and motor speed, particularly for patients with greater pre-therapy cognitive impairment. In our cohort, there was also evidence of baseline impairments in attention, executive functions and verbal memory, likely related to the combined effects of the tumor and the delayed adverse effects of RT. However, our results showed an initial decline in verbal delayed recall at 12 weeks with subsequent return to near baseline levels at 24 weeks of donepezil therapy. This was an unexpected finding of unclear significance and requires further study on a larger sample, considering that improvement in verbal memory was reported in the two studies of donepezil therapy in patients with brain tumors [17, 18] . The results also suggested that improvement in self-reported QoL did not correspond to improvement in cognition. Several studies in cancer patients and other clinical populations have described that self-reported QoL is often correlated with mood and fatigue, and less consistently with cognitive test performance [31] [32] [33] [34] . However, the relatively small RT radiotherapy a Time since treatment completion at study entry sample size may have limited our ability to assess the association between cognitive function and QoL.
Other studies have used pharmacological agents in the attempt to improve cognitive function in patients with brain tumors. In a randomized placebo-controlled study, the potential protective effects of memantine, a N-Methyl-Daspartate receptor antagonist, versus placebo on cognitive function were evaluated in 508 patients with brain metastases receiving whole-brain RT [35] . The results showed that patients treated with memantine had significantly longer time to cognitive decline, and a reduced rate of decline in memory, executive function and processing speed compared to placebo; however, attrition may have limited statistical power as only 29 % of patients completed the 24-week assessment. An open-label randomized pilot study examined the efficacy of 4 weeks of methylphenidate and modafinil in 24 brain tumor patients either during or following treatment with RT or chemotherapy [36] . The results showed a beneficial effect of stimulant treatment in speed of processing and executive functions requiring divided attention, and on patient-reported fatigue and QoL, regardless of the medication used. Patients with greater deficits in executive functions at baseline benefitted the most from stimulant therapy. However, the results were interpreted with caution given the small sample size and large proportion of drop-outs. A multi-center double-blind placebo-controlled study including 37 patients with primary brain tumors treated with modafinil for 6 weeks showed no beneficial effects on cognitive function, fatigue or mood in comparison to placebo [37] . Shaw et al. [17] reported better cognitive functions and improved mood among the patients who elected to continue to take donepezil after 24 weeks, suggesting a differential response to treatment. Therefore, it is possible that individual factors may impact response to donepezil in patients with brain tumors. In patients with mild Alzheimer's disease, it has been reported that the presence of the APOE e-4 allele may modulate the response to acetylcholinesterase inhibitors [38, 39] . We described recently that among 211 brain tumor survivors, carriers of at least one APOE e-4 allele had significantly lower scores in verbal learning and delayed recall, and a trend toward worse performance in executive functions, relative to noncarriers of the e-4 allele [40] , suggesting that the APOE gene may increase the vulnerability of brain tumor patients to cognitive dysfunction. However, it is unknown whether the APOE e-4 allele or other genetic variants may influence the response to donepezil in patients with brain tumors. In future placebo-controlled clinical trials assessing the effects of donepezil and other pharmacological agents on cognitive function, it would be informative to include genotyping of relevant genes with known associations with cognitive outcome, and involvement in the modulation of cholinergic, dopaminergic, GABAergic, or glutamatergic neurotransmitter systems, with the goal of identifying patients who may benefit most from targeted interventions.
The limitations of this pilot study include the small sample size and absence of a placebo control group, which may have impeded our ability to detect small to moderate effect sizes and to exclude possible practice effects. In this study, the duration and schedule of treatment were based on studies of patients with dementia and other neurological disorders [12] [13] [14] , and the possibility that greater benefit may have occurred with a longer trial or higher dose of donepezil cannot be excluded. We also acknowledge that the heterogeneity of the patient population regarding tumor and treatment type, the variable post-RT and chemotherapy intervals of the baseline neuropsychological assessments, and possible ongoing recovery from treatment delayed effects in some patients, are potential confounding factors. Similar to the studies by Shaw et al. [17] and Rapp et al. [18] , the most common side effects reported by our patients included fatigue and gastrointestinal symptoms, and it is possible that adverse effects may limit the utility of the drug in brain tumor patients. Study drop-out was unlikely to influence the results as there were mostly no baseline differences between patients who completed and discontinued the study; however, we cannot exclude the possibility that changes in sleep and fatigue influenced study retention and that patients with better performance remained in the study.
The timing of the drug delivery may also impact its benefit, and further research investigating whether concurrent treatment with donepezil and RT and/or chemotherapy may prevent neurocognitive decline is warranted.
In sum, our findings of improvements in some aspects of cognitive functions and QoL are mostly consistent with previous studies in patients with brain tumors, and support the possible use of donepezil in this population. As cancer treatment interventions have improved survival for many patients with brain tumors, investigating the efficacy of pharmacological and behavioral interventions to improve cognitive function has become increasingly relevant. The prevention of cognitive deficits with agents that may protect neurons from treatment-induced damage is also an area of growing interest [10] .
